Abstract: Moisture content in concrete structures is commonly associated with many durability problems (e.g., steel corrosion and freezethaw) and can be used in structural health monitoring and nondestructive testing of concrete structures. In this paper, the use of synthetic aperture radar (SAR) imaging for characterizing subsurface moisture content and distribution is proposed, using a concrete panel specimen as an example. A 0.3 × 0.3 × 0.05-m concrete panel specimen cast and conditioned in laboratory was air-dried for almost 5 months and simultaneously monitored for its moisture variation by SAR imaging. From the analysis of its SAR images at different moisture contents, it was found that SAR images can not only qualitatively capture the moisture distribution inside concrete but can also quantitatively correlate with the overall moisture content inside concrete. Higher SAR amplitudes indicate stronger electromagnetic scattering response, suggesting greater values of dielectric constant. A critical contour in SAR images is proposed as an insightful measure for the subsurface sensing of concrete. An approach for determining the critical contour in each SAR image is proposed.
Introduction
Presence of moisture inside portland cement concrete plays a significant role in short-term strength development (cement hydration) and long-term durability of reinforced and prestressed concrete structures. Moisture inside concrete not only facilitates most durability problems [e.g., freezing and thawing (Wang et al. 2014; Zeng et al. 2011; Cai and Liu 1998) , steel reinforcement corrosion, carbonation, and alkali-silica reaction (ASR)] in concrete structures, but its amount and distribution are also related to the hydraulic permeability of concrete. In the freeze-thaw damage of non-air-entrained concrete, it has been reported that concrete will experience significant damage when its moisture content exceeds 80% (Fagerlund 1977) . In the chloride-induced corrosion of steel rebar inside concrete structures, moisture facilitates the diffusion of water through the capillary pores inside concrete (Gonzalez et al. 1993; Bentur et al. 1997) . Carbonation of concrete is encouraged when the relative humidity inside concrete is between 55%-65% (Gonzalez et al. 1993) . Research has also shown that expansive ASR can occur in concrete having a relative humidity above 80% (Stark 1991) . In addition, it is well known that saturated concrete is weaker than dry concrete, generally by 20% (Shoukry et al. 2011; Li et al. 2009 ).
Despite knowing that moisture content in concrete is crucial to the performance of concrete structures, it is difficult to determine the moisture content inside concrete in the field without using intrusive or embedded moisture sensors. To avoid troublesome issues associated with embedded moisture sensors, nondestructive evaluation/ testing (NDE/T) techniques have been applied. Among existing NDE/T techniques, gravimetric sensors (Akita et al. 1997; Šelih et al. 1996) , gamma densitometry (Multon et al. 2004; Amba et al. 2010) , relative humidity, and thermal and microwave/radar methods (Sbartaï et al. 2006 (Sbartaï et al. , 2007 have been applied for moisture determination. In general, an ideal NDE/T technique for moisture determination in concrete must be quantitative, capable of detecting internal moisture distribution, and invulnerable to environmental factors [e.g., temperature and soluble salt content (Cornell and Coote 1972) ]. Ultimately, it has been suggested that such a technique should be able to quantify different phases (free water, bound water, and chemically bound water) of moisture inside concrete (Quincot et al. 2011) .
Electromagnetic techniques such as ground-penetrating radar (GPR), on the other hand, are capable of conducting spatial and quantitative moisture determination in concrete specimens (Sbartaï et al. 2006; Senin and Hamid 2016; Sbartaï et al. 2007; Yu 2010 Yu , 2011 and structures (Chen and Wimsatt 2010; Yu 2017) . The ability of radar signals (electromagnetic waves) to propagate through dielectrics like concrete makes electromagnetic techniques suitable for conducting subsurface moisture content measurements inside concrete. Laurens et al. (2002) used a 1.5-GHz central frequency GPR system to evaluate the moisture content of 0.5 × 0.5 × 0.07-m concrete slabs at various saturation levels (0%-100%). They found that the GPR signal attenuates linearly with increases of moisture content. It was also reported that the presence of moisture reduces the center frequency of reflected GPR signal in another similar study (Laurens et al. 2005) . Sbartaï et al. (2006) studied the amplitudes of GPR signals (direct and reflected) with a center frequency of 1.5 GHz inside concrete slabs (0.75 × 0.5 × 0.08 m) at different moisture levels (0%, 20%, 40%, 60%, 80%, and 100%). They also found that amplitudes of direct and reflected GPR signals decrease linearly with the increase in moisture content. Klysz and Balayssac (2007) applied a GPR (300-1,200 MHz) system on concrete slabs (0.6 × 0.6 × 0.12 m) with various moisture contents to investigate the effect of moisture on GPR signal amplitude and signal velocity. They found that both amplitude and velocity of the GPR signal reduce with increases in moisture content ( concrete, some reported a nonlinear attenuation between GPR signal and moisture content (Sbartaï et al. 2009) . A literature review revealed that there are no other reported radar imaging techniques besides GPR for the determination of moisture content in concrete.
The objective of this paper is to apply synthetic aperture radar (SAR) imaging for determining moisture content in concrete specimens. SAR imaging is a relatively new technique in civil engineering applications. Unlike GPR, SAR imaging utilizes image superposition to improve resolution and damage detectability. In this paper, the principle of SAR imaging is first introduced, followed by the experimental work on specimen preparation, moisture monitoring, and laboratory SAR imaging. Research findings are summarized and finally, conclusions are offered.
Principle of SAR Imaging
In SAR imaging, high-resolution coherent images are produced with adjustable frequency bandwidth and radar aperture. Higher frequencies and wider bandwidths lead to SAR images with better resolution, and the increased radar aperture due to prolonged radar movement can also produce high-resolution SAR images. An image-formation algorithm is used to produce such coherent images from raw SAR data. In SAR imaging, the back-scattering pattern of any target is first formulated by a planar scattering problem in a domain Ω s containing N scattering points ( Fig. 1) . Consider an incident wave with unit amplitude as follows (Kong 2000) :
wherek i ¼ k ixx − k ixŷ is the incident wave vector; andr is the position vector from the radar to any observation point, jrj ¼ r.
The scattered field from scatterer j atr j and observed atr is (Tsang et al. 2000) ψ scat ðr;r j Þ ¼ s j ðr;k i Þ jr −r j j · expðikjr −r j jÞ · ψ inc ðrÞ ð2Þ
where s j ¼ s j ðr;k i Þ is the scattered amplitude at scatterer j due to an incident wave atk i and observed atr; i ¼ ffiffiffiffiffiffi −1 p ; and k ¼ ω=c. By neglecting the higher-order interactions among scatterers in this formulation, the total scattered field from N scatterers observed atr is the summation of all the scattered fields, as follows:
wherek s ¼ k sxx þ k syŷ is the scattering direction vector, wherē k s ¼ −k i when the radar operates in monostatic mode. Considering the case of a single scatterer without losing generality, Eq. (3) can be written (4) is obtained by taking a slice of the two-dimensional (2D) Fourier transform (FT) of the domain Ω s .
In other reconstruction algorithms, all projections are superimposed before 2D inverse fourier transform (IFT) (plane projection) is carried out to obtain the final image. However, in the backprojection algorithm, one-dimensional (1D) IFT is performed first to generate subimages. The final image is obtained by summing up all subimages. A frequency modulation operator (or time-domain convolution operator) is applied to ensure that the center in backprojection images coincides with the center of the scatterer. A shifting-back step in the back-projection algorithm in the frequency domain is performed by applying a ramp filter in which frequency ω n is shifted back by a carrier frequency ω c Pðν;
where ν = spatial variable of the 1D IFT projection. Translating the local 1D IFT coordinate [ν; Pðν; θ s Þ] to the global polar coordinate ðr; ϕÞ indicates that
Upsampling is required when transforming from Pðν; θÞ to P½r cosðϕ − θÞ; θ to ensure the quality of back-projection images. In other words, P½r cosðϕ − θÞ; θ is obtained by interpolating Pðν; θÞ. In the polar coordinate system, a back-projection image is finally obtained by integrating subimages at various azimuth angles over the entire inspection range
where the polar coordinates ðr; ϕÞ are related to the Cartesian coordinates by
Therefore, the image plane Iðx; yÞ ¼ Iðr cos ϕ; r sin ϕÞ can be reconstructed. Fig. 2 illustrates the processing step of the backprojection algorithm. 
Experimental Program
Specimen Preparation A 0.3 × 0.3 × 0.05-m concrete panel was designed and manufactured for the purpose of moisture characterization inside concrete. General-purpose Type I/II portland cement was used. The mix design ratio (by weight) was 1∶2∶4 for cement: fine aggregate: coarse aggregate. The concrete panel was moist-cured for 28 days and stored in room conditions (air-drying) for almost 5 months. Table 1 lists the design information of the concrete panel. Fig. 3 shows a picture and schematic diagram of the concrete panel.
Moisture Monitoring
During the SAR imaging process, the mass of the panel was monitored using an electronic scale for almost 5 months. After the moisture monitoring period, the panel was oven-heated at an elevated temperature of 80°C for 1 month (30 days) until the mass stabilized. The last mass measurement was used as the zero-moisture mass of the concrete panel. The moisture content of concrete panel was calculated by
where ψ = moisture content (%); m w = mass of concrete panel at a given air-drying time; and m d = oven-dried mass of concrete panel at the end of the oven-heating period.
SAR Imaging
SAR images of the concrete panel at various moisture contents were conducted using a 10-GHz continuous-wave imaging radar (CWIR) system with a 1.5-GHz bandwidth inside an anechoic chamber at the Electromagnetic Remote Sensing Laboratory at Fig. 2 . Back-projection algorithm processing steps. Note: w/c ratio = water-to-cement ratio.
the University of Massachusetts at Lowell. The CWIR system operates in the stripmap SAR mode by using a 2D positioner. In all SAR images, the range (r) of the concrete panel was 0.35 m and the cross range r x ¼ 0.80 m. SAR images were collected at different moisture contents in the same experimental configuration. Fig. 4 shows a picture and schematic setup of the SAR imaging system.
Results and Findings
Moisture Content Quantification Fig. 5 shows the time-dependent pattern of the air-dried concrete panel. Average temperature in the laboratory was observed 28°C (Fig. 5) . It was found that, in the room-condition (oven-drying) environment, the moisture content of concrete panel decreased rapidly at the early age (0-500 h) at a rate of 0.25% per hour. At the later stage (500-3,219 h), it lost 0.03% of moisture per hour. The rate of moisture loss during 0-500 h was more than eight times the rate during 500-3,219 h. Eq. (11) provides the time-dependent moisture variation model from curve-fitting. The R 2 of the model was 0.9953
where ψ = moisture content (%) at time t; t = time (h); a ¼ 0.996; b ¼ −0.006298; c ¼ 2.77; and d ¼ −0.0001931. Eq. (11) can be used for quantifying moisture content inside the concrete panel in this research.
SAR Images of Concrete Panel
SAR images of the concrete panel at different moisture contents were collected as shown in Fig. 6 . In Fig. 6 , the spatial distribution of SAR amplitudes is rendered on the range-cross-range ðr; r x Þ plane. Higher SAR amplitudes in Fig. 6 indicate a stronger electromagnetic scattering response, suggesting greater values of dielectric constant (real part of relative complex electric permittivity). Because moisture (liquid water) has a dielectric constant of 78-81 and dry concrete has a dielectric constant of 5-15 in the microwave frequency range, it is expected that the presence of moisture inside concrete will increase the dielectric constant of dry concrete. Fig. 6 provides the experimental validation of dielectric mixture theory in wet/moist concrete as a multiphase porous cementitious composite.
This result is better illustrated by the slice representation in Fig. 7 , taken at a 0.35-m range for selected SAR images.
Spatial Distribution (Shape) of SAR Amplitudes
Furthermore, moisture distribution inside concrete was reconstructed in space by SAR imaging in Fig. 6 . As shown in Fig. 6 , the shape of SAR amplitudes remained basically constant, except for the oven-dried case (ψ ¼ 0%). Greater SAR amplitudes occupy more area in a SAR image when the concrete panel has higher moisture content. This is because of the stronger electromagnetic reflection from wet concrete, which were integrated by the backprojection algorithm and eventually projected onto the rangecross-range plane. Also, reflection from the back of the concrete panel was not observed for any of the moisture contents except for the oven-dried case. The sensitivity of electromagnetic waves (radar signals) to the change in dielectric properties (moisture content) of concrete enables use of the SAR imaging technique for moisture characterization. This result indicates that, with the increase of moisture content, higher SAR amplitudes also demonstrate wider spatial distribution. This result was attributed to the capability of SAR imaging to project scattered radar signals back to their estimated spatial locations. It indicates that the spatial distribution of SAR amplitudes shows insightful information for subsurface sensing and can be used to relate to the moisture distribution inside a concrete panel specimen.
SAR Image and Its Contour Representation
To better describe the spatial distribution of SAR amplitudes, a critical contour must be selected in order to compare SAR images at different moisture contents. This critical contour will be used as a representative measure to each SAR image. The contour representation also provides an approach to quantify the spatial distribution of SAR amplitudes as a key parameter to estimate moisture distribution inside concrete. Fig. 8 shows an SAR image (ψ ¼ 3.88%) and its contour representation. In Fig. 8 , it is clear that each SAR images has many contours from which to choose. In addition, it is evident that the higher the SAR amplitudes, the smaller their size (contour area) and distribution.
To determine the critical contour of each SAR image, optimal SAR amplitude must be used. This optimal SAR amplitude is found by introducing the hypothesis that the change of moisture distribution inside the concrete panel is monotonic in space. Following this hypothesis, when comparing contours representing different moisture contents, there should not be any intersections among contours (monotonic expansion or contraction). In other words, the moisture distribution at a higher level of moisture content will always include the one at a lower level of moisture content. Figs. 9 and 10 show the comparisons of contours using two different SAR amplitudes. It can be seen that in Fig. 9 , a monotonic increase of moisture content does not lead to monotonic expansion of contours when choosing SAR amplitude I to be 900. This is the case when there are interactions among contours. On the other hand, when choosing I ¼ 1,000 in Fig. 10 , there is no interaction among contours, suggesting that the choice of I ¼ 1,000 satisfies the proposed hypothesis. In other words, the optimal SAR amplitude in this experimental work was found to be 1,000. After the optimal SAR amplitude is determined, critical contours and their areas for SAR images at various moisture contents can be found.
Once the optimal SAR amplitude was selected, critical contour area (A c ) could then be calculated from each SAR image. Critical contour areas of SAR images at different moisture contents were determined in Fig. 11 In summary, it can be seen that critical contours of SAR images qualitatively capture the moisture distribution inside a concrete panel specimen (Fig. 10) ; in addition, the critical contour area (A c ) can be quantitatively correlated to the overall moisture content of the concrete specimen (Fig. 11) in this research. Steps in the developed approach to characterize moisture content are summarized in Fig. 12 .
Discussion of Moisture Distribution
The moisture distribution inside cementitious composites like concrete is instrumental to the inspection and maintenance of concrete structures. Intrusive and nonintrusive techniques have been applied to determining the moisture distribution inside concrete. Intrusive techniques such as embedded moisture sensors (Kim and Lee 1999; Zhang et al. 2009 ) can directly measure moisture distribution inside concrete specimens, but the presence of sensors can change the boundary condition of moisture diffusion in concrete and provide nonrepresentative results. Nonintrusive techniques such as ultrasounds (Popovic 2005) , impedance spectroscopy (Sánchez et al. 2013) , and magnetic resonance imaging (MRI) signal point imaging (Cano-Barrita et al. 2004 ) can be applied for concrete specimens prepared in specific shapes and dimensions. From reported data, a double-curvature pattern of moisture distribution has been experimentally confirmed by researchers (Cano-Barrita et al. 2004; Garbalinska et al. 2018) . In this double-curvature moisture distribution pattern, subsurface moisture increases slowly from the surface of concrete specimens and increases rapidly to achieve the plateau of the distribution curve after a certain depth.
On the other hand, numerical simulation results using Fick-type diffusion (Garbalinska et al. 2018 ) and microstructure hydration (Ye et al. 2018 ) have also been reported to predict the subsurface moisture distribution. These numerical models predict a singlecurvature moisture distribution pattern and are associated with a large error in the near-surface region. In this study's SAR imaging results, it was found that the double-curvature moisture distribution pattern is very similar to the SAR amplitude distribution in Fig. 7 , suggesting a promising potential of SAR imaging for subsurface moisture distribution sensing of concrete specimens and structures.
Conclusion
Moisture characterization inside concrete using a nondestructive approach is an important and challenging problem for the durability of concrete structures. In this experimental work using SAR imaging for subsurface moisture characterization, it was found that higher SAR amplitudes indicate stronger electromagnetic scattering response, suggesting greater values of dielectric constant (real part of relative complex electric permittivity). The increase in the dielectric constant of wet concrete is attributed to the presence of moisture inside the porous structure of theconcrete. Meanwhile, with the increase of moisture content, higher SAR amplitudes also exhibit broader spatial distribution in SAR images. This result is due to the capability of SAR imaging to project scattered radar signals back to their estimated spatial locations. The spatial distribution of SAR amplitudes shows insightful information for subsurface sensing and can be used to relate to moisture distribution inside a concrete panel specimen. The use of critical contours in SAR images is proposed for both qualitatively correlating with moisture distribution and quantitatively estimating moisture content inside a concrete penal specimen in this research. A procedure summarizing the steps for determining critical contour from SAR images has also been presented. From this result, the promising potential of SAR imaging for moisture characterization inside concrete has been demonstrated.
